Three single fan stages were tested in which the rotors were each designed to produce an overall total pressure ratio of 1.21 at rotor tip speeds of 750, 900, and 1050 ft/sec. The investigation involved measurement of fan stage thrust and total thrust, internal flow character-i s t i c s , and reverberant noise under s t a t i c and crossflow conditions up t o 160 miles p e r hour i n t h e L e w i s Research Center 9-'by 15-foot V/STOL, Propulsion Tunnel ( r e f , 2).
"his paper presents a preliminary summary of t h e p r i n c i p a l r c s u l t s of a comparison of t h e aerodynamic performance of t h e I h r e e s i n g l e s t a g e designs under s t a t i c and crossflow conditions. Included i n the comparison a r e operating-line performance, fan t h r u s t naps, t h r u s t v a r i a t i o n s with crossflow velocity, and e f f e c t s of e x i t thrust-vectoring louvers. APPARATUS 
AND DESIGN

Test Setup
The t e s t fan stages were i n s t a l l e d i n a pod attached a t mid-span t o a two-dimensional wing that spanned the height of the tunnel test section, as shown i n f i g u r e 1. The wing measured 4-1/:2 f t . by 9 f t , with a 17 percent m a x i m u m thickness r a t i o .
long and 30 i n . wide, c e n t e r l i n e w a s located a t t h e 41 percent chord p o i n t of t h e pod (40 percent chord point with respect t o t h e wing).
motely actuated through a range of angle of a t t a c k , o(, of -+ l 5 ' . mum tunnel a i r f l o w t e s t velocity, Vo, was around 235 f t / s e c (160 mph).
h r t h e r d e t a i l s of t h e wing and tunnel can be obtained i n references 2, 3, and 4.
The pod w a s 65 i n .
with a thickness r a t i o of 18 percent. The f a n The wing could be re-
M a x i -
A s e t of f i v e e x i t of t h e f a n t o remotely-actuated louver vanes w a s i n s t a l l e d at t h e provide d e f l e c t i o n of t h e exhaust flow ( t h r u s t vect o r i n g ) over a range of angle +bo (aft d e f l e c t i o n ) .
angle between t h e chord l i n e of t h e vanes and t h e axis of t h e fan.
louver vane design i s t h e same as i n reference 4. A photograph of t h e louver i n s t a l l a t i o n i s shown i n f i g u r e 2.
PL from -15O (forward d e f l e c t i o n ) t o b u v e r d e f l e c t i o n angle, PL, i s defined as t h e The The major aerodynamic and mechanical f e a t u r e s of t h e t e s t f a n assembly are i l l u s t r a t e d i n t h e sketch i n f i g u r e 3.
driven by a compact two-stage supersonic t u r b i n e located within t h e inner casing of t h e assembly. air (800 p s i and 1 6 0 ' F) supplied through passages i n t h e s i x support s t r u t s t h a t connected t h e inner and o u t e r p a r t s of t h e assembly. The e n t i r e assembly was mounted on t h r e e load c e l l s so t h a t a measurement of axial f o r c e could be obtained. A x i a l separation of t h e r o t o r and s t a t o r rows w a s a t least twice t h e r o t o r t i p a x i a l chord length. p a r t span damper was located a t t h e 65 percent passage height point on t h e r o t o r blades.
The fan r o t o r was The t u r b i n e was driven by high-pressure
A
The i n l e t bellmouth and nosepiece were axisymmetric s e c t i o n s w i t h a x i a l depth t o r o t o r leading edge equal t o 0.165 of t h e r o t o r diameter (15.0 inches). The a x i a l depth and surface curvature were designed t o minimize t h e p o s s i b i l i t y of l o c a l separation over t h e forward portion of t h e bellmouth a t high crossflow v e l o c i t i e s . The static pressures at the 3/4-inch location were used to obtain fan weight flow rate based on a correlation established from potential f l o w theory.
positions with respect to the incoming crossflow;
(2) Rotor outlet (station 2): six equally-spaced rakes with probes for measuring total pressure and flow angle; and six static pressure taps each on the hub and shroud surfaces.
(3) Discharge duct (station 3)): six-equally spaced rakes with elements for measuring flow angle, total pressure, and total temperature.
The rakes were located halfway between the support struts. Six static pressure taps each were placed on the hub and shroud walls in the plane of the rake elements.
inches further downstream (station 3).
A second set of pressure taps were located 1.2
Fan Stage Designs
The three individual single stages were designed for a nominal total pressure ratio in the discharge duct of 1.21 and a nominal corrected weight flow per unit inlet flow area of 37.2 lbs//sec ft . The nominal design corrected thrust per unit inlet flow area was 684 lb/ft .
Ambient static pressure was assumed at the exit of the duct. The design 2 2 average axial Mach number at the inlet to the rotor was 0.53. &sign o u t l e t Mach number was a l s o 0.53 with a x i a l discharge from t h e s t a t o r s .
The hub-tip r a t i o a t the i n l e t t o t h e r o t o r w a s 0.46. I n l e t flow area,
A, a t t h e r o t o r leading edge was 0.9868 f t .
2 Table I l i s t s t h e major design c h a r a c t e r i s t i c s of t h e three s t a g e configurations.
t i p t o chord l e n g t h a t t h e hub was 1.3.
for t h e s t a t o r blades was 1.1.
For t h e r o t o r blades, t h e r a t i o of chord length a t t h e
The corresponding t a p e r r a t i o 
Design deviation angles were based on t h e two-dimensional
The principal effect of the variation in rotor design speed is the variation in aerodynamic blade loading (generally important at the tip of the rotor and the hub of the stator). For these designs, aerodynamic blade loading was described in terms of the blade-element diffusion factor (ref. 8 ).
across the passage at design conditions for both rotor and stator is shown in figure 4 for the three stages.
factor at both the rotor tip and the stator hub with decreasing design tip speed is clearly evident.
red to as the high-loading stage, and the 1050 ft/sec design can be called the low-loading stage,
The calculated variation in blade-element diffusion factor
The increase in design diffusion Thus, the 750 ft/sec design c a n be refer-
RESULTS
One of the principal performance parameters for a lift fan is the thrust force produced by the flow through the fan stage passage. 
This represents the fan
The basic performance of each stage along its static operating line is shown in figure 5 as the variation of duct (overall) total pressure ratio and thrust parameter F / s A against rotor corrected tip speed U t / G .
It is seen from these figures that measured performance closely matched design conditions for all three stages.
was not plotted because of excessive scatter in the data. However, it aFpeared that the calculated efficiencies for the three stages were at about the same level (around 0.80) at design speed, and then increased with decreasing speed. -8-
The operating range of each s t a g e was determined by operation of a remotely-actuated t h r o t t l i n g plug i n t o an extension of the f a n duct passage as shown i n f i g u r e 6.
served as a d i f f u s e r so t h a t below-ambient s t a t i c pressures could be achieved.
"he o u t e r w a l l of t h e duct extension
Figures 7(a), (b), and ( c ) show t h e f a n s t a g e t h r u s t maps as obt a i n e d from the t h r o t t l e duct tests f o r t h e 750, 900, and 1050 f t / s e c r o t o r s , respectively. For a t h r u s t map, s t a l l i s approached t o t h e r i g h t (back pressure above ambient), and choke i s approached t o the l e f t (back pressure below ambient). A marked d i f f e r e n c e i n t h e t h r u s t c h a r a c t e r i s t i c i s observed between the low and high speed stages, part i c u l a r l y at t h e high t i p speeds. designed f o r r e l a t i v e l y high r o t o r t i p and s t a t o r hub loadings ( f i g . 4),
it had a r e l a t i v e l y small s t a l l margin; hence the r e l a t i v e l y rapid f a l l off i n t h r u s t as back pressure was increased ( f i g . 7 ( a ) ) . On t h e o t h e r hand, t h e 1050 f t / s e c s t a g e was designed f o r r e l a t i v e l y l i g h t blade loadings ( f i g . 4) , and t h e r e f o r e exhibited a wide s t a l l margin w i t h increasing t h r u s t as back pressure was increased ( f i g . 7(c)).' The range of the 900 f t / s e c stage, designed f o r medium loading, f e l l i n between t h e o t h e r two ( f i g . 7(b ) ) .
Inasmuch as t h e 750 f t / s e c stage w a s
The dashed l i n e s on t h e t h r u s t map f i g u r e s represent t h e v a r i a t i o n i n back pressure ratio f o r t h e stages with t h e louvers i n the undeflected p o s i t i o n (stage operating l i n e ) . I n a l l cases, t h e operating-line duct s t a t i c pressures were sanewhat below ambient, and decreased with increasi n g r o t o r t i p speed.
The s t a t i c performance c h a r a c t e r i s t i c s of the t h r e e stages showed
t h a t e s s e n t i a l l y t h e same o v e r a l l performance can be obtained f o r each of t h e t h r e e design r o t o r t i p speeds along t h e s t a g e operating l i n e .
However, i f t h e fan i s required t o operate over a wide range of back pressure r a t i o s , t h e r e s u l t a n t stage t h r u s t s could be r a d i c a l l y differe n t .
range of operation than t h e 1050 f t / s e c lightly-loaded s t a g e f o r aboveambient back pressure r a t i o s .
The 750 f t / s e c highly-loaded s t a g e might have a much narrower Crossflow Performance
Open louvers. - Figure 8 shows a comparison of t h e v a r i a t i o n of s t a g e t h r u s t parameter as t u n n e l a i r f l o w (crossflow) v e l o c i t y i s increased f o r t h e undeflected louver configuration a t zero wing angle of a t t a c k . Two p r i n c i p a l observations can be made. The f i r s t i s t h a t , i n general, there was no large f a l l -o f f i n t h r u s t as crossflow v e l o c i t y was increased.
problems f o r l i f t fan operation during t r a n s i t i o n .
vation i s an apparent divergence of t h e t h r u s t v a r i a t i o n s i n ' c r o s s f l o w
for t h e t h r e e stage designs.
loading 750 f t / s e c s t a g e was always g r e a t e r than that f o r t h e lowloading lo50 f t / s e c stage, with t h e 900 f t / s e c s t a g e f a l l i n g i n between.
Thus, as far as open-louver performance i n crossflow i s concerned, f a n s t a g e performance i s again acceptable, with only small d i f f e r e n c e s appearing f o r t h e t h r e e r o t o r design t i p speeds.
Thus, t h e performance of t h e f a n s t a g e s should pose no
The second obser-
The t h r u s t i n crossflow f o r t h e high-Deflected louvers. -Variations of f a n s t a g e t h r u s t produced by varying t h e louver chord angle are shown i n f i g u r e 9 f o r t h e three stages f o r maximum crossflow v e l o c i t y and zero crossflow v e l o c i t y .
are presented f o r design speed and 70 percent of design speed f o r each s t a g e at a wing angle of a t t a c k of zero degrees.
Data
Two p r i n c i p a l observations can be made about the comparative response of t h e three s t a g e s t o louver d e f l e c t i o n .
stage showed a l a r g e decrease i n t h r u s t as exhaust flow was d e f l e c t e d , while t h e t r e n d tended t o be reversed f o r t h e 1050 f t / s e c stage. Second, the t h r u s t i n crossflow increased s i g n i f i c a n t l y over the s t a t i c value f o r p o s i t i v e louver angles f o r t h e 750 ft/sec stage, but showed e s s e n t i a l l y no change f o r t h e 1050 f t / s e c stage.
s t a g e produced more stage t h r u s t than t h e 1050 f t / s e c s t a g e at a crossflow v e l o c i t y of 235 f t / s e c up t o a louver angle of 27' at design speed, and up to 34
of t h e 900 f t / s e c s t a g e were i n between those of t h e o t h e r two stages. angles ( g r e a t e r than 30' or 35'), then t h e higher t i p speed stages (900 f t / s e c and 1050 f t / s e c ) appear preferable.
However, i f sustained t h r u s t i s required a t very l a r g e d e f l e c t i o n DISCUSSION OF RESULTS
Crossflow EXfects
When an aircraft containing an operating lift fan attains forward flight (crossflow case), the flow entering the fan is no longer symmet- 
*
The variations were generally similar for a l l three rotors.
for the maximum total pressure rise with crossflow at 270
However there was a tendency 0 to be somewhat less for the 1050 ft/sec rotor than for the other two rotors.
In fact, at mid radius for design speed, the ratio of the circumferentially averaged rotor outlet total pressure ratio at to the corresponding value at V = 0 (static case) was 0. pressure r a t i o with crossflow i s believed t o be due t o some i n t e r a c t i o n e f f e c t between t h e crossflow and t h e fan assembly discharge flows.
The decrease i n back pressure with increasing crossflow v e l o c i t y was observed f o r a l l t e s t values of fan speed, louver p o s i t i o n , and wing angle of a t t a c k .
For crossflow s i t u a t i o n s i n which t h e r e i s l i t t l e change i n i n l e t l o s s and i n inflow d i s t o r t i o n response, as appears t o b e t h e case for t h e t h r e e stage designs t e s t e d , t h e s t a t i c t h r u s t map c h a r a c t e r i s t i c of t h e stages should provide a reasonable i n d i c a t i o n of t h e e f f e c t s of back-pressure r a t i o on t h r u s t i n crossflow. t h r u s t map f o r t h e 750 f t / s e c s t a g e shown i n f i g u r e 7(a), a reduction
i n back-pressure r a t i o below t h e ambient value should tend t o increase s t a g e t h r u s t . For t h e 900 f t / s e c stage, according t o f i g u r e 7(b), the s t a g e t h r u s t should remain about t h e same, while f o r t h e 1050 f t / s e c stage ( fig. 7 ( c ) 
) , t h e stage t h r u s t should decrease. These t h r u s t trends could be another p r i n c i p a l contributor t o t h e divergence of t h e crossflow t h r u s t v a r i a t i o n s observed f o r t h e t h r e e stages i n f i g u r e 8, According t o t h e s t a t i c Deflected Louvers
Fan s t a g e t h r u s t i n crossflow w i t h louver d e f l e c t i o n showed marked differences for t h e three s t a g e designs ( f i g . 9).
f o r t h e 750 f t / s e c s t a g e compared t o t h e 1050 f t / s e c s t a g e i n crossflow at e (undeflected configuration) has already been e s t a b l i s h e d i n f i g u r e 8.
I b m i n a t i o n of t e s t d a t a indicated tha'c when louver de-
The higher t h r u s t
f l e c t i o n was used i n crossflow, t h e r e was l i t t l e change i n t h e i n l e t boundary l a y e r c h a r a c t e r i s t i c 
causes a reduction i n the flow area at t h e e x i t of t h e louver, which requires t h a t a drop i n s t a t i c pressure occur fromlouver inlet t o e x i t .
Since louver e x i t s t a t i c pressure remains e s s e n t i a l l y constant a t t h e l o c a l ambient value, the net e f f e c t of d e f l e c t i o n i s t o r a i s e the s t a t i c pressure at the i n l e t t o t h e louvers, i . e . , a t the e x i t o f t h e fan duct.*
Forward or a f t louver d e f l e c t i o n
The back-pressure r a t i o level was somewhat d i f f e r e n t f o r t h e t h r e e s t a g e designs, with higher back pressures occurring f o r t h e 1050 f t / s e c s t a g e than for t h e 750 f t / s e c s t a g e f o r both s t a t i c and crossflow cond i t i o n s . The increased separation of values a t very high louver angles may be due i n p a r t t o an increase i n t h e measured difference i n average duct exit Mach number between t h e 1050 f t / s e c and 750 f t / s e c r o t o r s . The lower levels of back-pressure r a t i o f o r t h e case of maximum crossflow v e l o c i t y compared t o t h e s t a t i c case was t h e r e s u l t of t h e discharge i n t e r a c t i o n e f f e c t i n reducing back pressure t h a t w a s shown i n f i g u r e 12.
A similar comparison of back-pressure r a t i o v a r i a t i o n s with louver angle w a s found f o r the lower fan operating speeds. However, the increase i n back-pressure r a t i o with louver d e f l e c t i o n angle was reduced as t i p speed was decreased because of the accompanying reduction i n average flow Mach number e n t e r i n g t h e louvers (i.e., according t o one-dimens i o n a l flow r e l a t i o n s , t h e change i n s t a t i c pressure r e s u l t i n g from u change i n flow a r e a becomes smaller as i n l e t Mach number i s reduced).
When viewed i n terms of t h e accompanying v a r i a t i o n s of s t a g e backpressure r a t i o , t h e t h r u s t trends with louver angle f o r both t h e s t a t i c
and crossflow conditions i n f i g u r e 9 were very similar t o those of t h e s t a t i c t h r u s t map f o r each s t a g e as given i n f i g u r e 7. The s i m i l a r i t i e s can be r e a d i l y appreciated from a comparison of f i g u r e s 7 ( a ) and g ( a )
for t h e 750 f t / s e c stage, figures 7(b) and 9(b) f o r t h e 900 f t / s e c stage, and f i g u r e s 7 ( c ) and 9 ( c ) f o r t h e 1050 f t / s e c stage. I n r e l a t i n g louver angle t o back-pressure r a t i o i n f i g u r e 7, it should be noted t h a t both forward and aft louver d e f l e c t i o n increased t h e back-pressure r a t i o .
I t appears, therefore, t h a t back-pressure r a t i o change was t h e p r imary f a c t o r i n determining t h e individual s t a g e t h r u s t v a r i a t i o n s with
louver d e f l e c t i o n shown i n f i g u r e 9. These r e s u l t s
provide a d d i t i o n a l confirmation f o r t h e earlier hypothesis t h a t when i n l e t l o s s e s and r o t o r i n l e t d i s t o r t i o n e f f e c t s are r e l a t i v e l y s m a l l , t h e s t a t i c t h r u s t map can provide a q u a l i t a t i v e i n d i c a t i o n of t h r u s t v a r i a t i o n s i n crossflow,
providing t h e crossflow back-pressure r a t i o v a r i a t i o n s are known.
Q u a l i f i c a t i o n s
The data presented herein were r e s t r i c t e d t o a pod configuration a t zero wing angle of a t t a c k . Preliminary a n a l y s i s of data taken a t varying angle of a t t a c k i n d i c a t e d t h a t fan stage t h r u s t i n c r o s s f h w tended t o decrease somewhat with increasing angle of a t t a c k due t o the l e s s favorable inflow o r i e n t a t i o n . I n f a c t , bellmouth flow separation s t a r t e d t o appear a t a = 15O f o r the maximum crossflow v e l o c i t i e s .
It should be pointed out t h a t t h e fan s t a g e t h r u c t presented by these r e s u l t s i s t h e t h r u s t c a p a b i l i t y of t h e flow a t t h e discharge of
t h e fan duct.
delivered by the fan assembly w i l l depend on t h e t h r u s t l o s s e s i n t r oduced by the louver vanes. I n general, louver t h r u s t l o s s e s increase w i t h increasing deflection.
When louvers are present, t h e a c t u a l r e s u l t a n t t h r u s t It should a l s o be noted t h a t t h e crossflow t h r u s t v a r i a t i o n s of a l i f t fan w i l l depend on the back pressure v a r i a t i o n s imposed by t h e s p e c i f i c configuration of t h e f a n assembly and the attached exhaust device (for t h r u s t d e f l e c t i o n or s p o i l i n g ) .
louver vane concept or attachment arrangement could produce a d i f f e r e n t magnitude of back-pressure r a t i o f o r the same amount of t h r u s t deflect i o n .
For example, a d i f f e r e n t
SUMMARY OF RESULTS
Wind tunnel t e s t s were conducted on a model VTOL l i f t fan-in-pod f o r which r o t o r s were designed t o produce t h e same s t a g e t o t a l pressure r a t i o a t t h r e e d i f f e r e n t design t i p speeds. The major r e s u l t s obtai.ned from t h e tests were as follows:
(1) A l l t h r e e stages produced e s s e n t i a l l y t h e same o v e r a l l performance along t h e i r operating l i n e s with open e x i t louvers under stat,i.c (zero crossflow) conditions.
( 2 ) The v a r i a t i o n of s t a t i c s t a g e t h r u s t with back-pressure r a t i o ( s t a t i c t h r u s t map) was s i g n i f i c a n t l y d i f f e r e n t f o r t h e t h r e e stages.
These differences were a t t r i b u t e d t o t h e differences i n design-point blade loading.
had a r e l a t i v e l y s m a l l s t a l l margin and a pronounced f a l l -o f f i n t h r u s t with increasing back-pressure ratio. The 1050 f t / s e c rotor stage, with low blade loadings, had a wide s t a l l margin and a more favorable t h r u s t v a r i a t i o n with increasing back-pressure r a t i o .
The 750 f t / s e c r o t o r stage, with high blade loadings, ( 3 ) Crossflow operation had l i t t l e e f f e c t on t h e general l e v e l of t h e s t a g e t h r u s t f o r t h e undeflected louver configuration.
t h e r e were differences i n t h e t h r u s t v a r i a t i o n with crossflow v e l o c i t y f o r t h e t h r e e s t a g e designs.
somewhat higher t h r u s t than t h e 1050 f t / s e c s t a g e i n crossflow.
Exit louver d e f l e c t i o n i n crossflow tended t o produce s t a g e However,
The 750 f t / s e c s t a g e tended t o give a
t h r u s t v a r i a t i o n s f o r each s t a g e design t h a t were similar t o t h e individual v a r i a t i o n s of s t a t i c t h r u s t with back-pressure r a t i o . Because of t h e back pressure e f f e c t s , t h e lower design t i p speed stages showed more favorable t h r u s t v a r i a t i o n for moderate louver d e f l e c t i o n angles, while t h e higher t i p speed designs appeared b e t t e r f o r very l a r g e def l e c t i o n angles. Remotely-actuated t h r o t t l e plug f o r fan performance map.
Fan s t a g e s t a t i c t h r u s t map obtained from t h r o t t l e duct t e s t s .
( a ) Stage with 750 f t / s e c rotor.
Stage with 900 f t / s e c r o t o r .
Stage with 1050 f t / s e c r o t o r .
Variation of f a n s t a g e t h r u s t with crossflow v e l o c i t y f o r undeflected louvers. Louver angle, pL = 0 . 5 ' ; wing angle,
Effect of louver angle on fan s t a g e t h r u s t i n crossflow. 
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